This study evaluated the hypothesis that smoke from harm reduction cigarettes impedes attachment and proliferation of H9 human embryonic stem cells (hESCs). Smoke from three harm reduction brands was compared with smoke from a conventional brand. Doses of smoke were measured in puff equivalents (PE) (1 PE 5 the amount of smoke in one puff that dissolves in 1 ml of medium). Cytotoxic doses were determined using morphological criteria and trypan blue staining, and apoptosis was confirmed using Magic Red staining. Attachment and proliferation of hESC were followed at a noncytotoxic dose in time-lapse videos collected using BioStation technology. Data were mined from videos either manually or using video bioinformatics subroutines developed with CL-Quant software. Mainstream (MS) and sidestream (SS) smoke from conventional and harm reduction cigarettes induced apoptosis in hESC colonies at 1 PE. At 0.1 PE (noncytotoxic), SS smoke from all brands inhibited attachment of hESC colonies to Matrigel with the strongest inhibition occurring in harm reduction brands. At 0.1 PE, SS smoke, but not MS smoke, from all brands inhibited hESC growth, and two harm reduction brands were more potent than the conventional brand. In general, hESC appeared more sensitive to smoke than their mouse ESC counterparts. Although harm reduction cigarettes are often marketed as safer than conventional brands, our assays show that SS smoke from harm reduction cigarettes was at least as potent or in some cases more potent than smoke from a conventional brand and that SS smoke was more inhibitory than MS smoke in all assays.
Tobacco smoke is comprised of both mainstream (MS) smoke, which is actively inhaled by smokers, and sidestream (SS) smoke, which burns off the tip of a cigarette (EPA, 1992) . SS smoke is the major component of secondhand smoke, also called environmental tobacco smoke, and is inhaled by passive smokers. Both MS and SS smoke adversely affect many reproductive processes. For example, cigarette smoke exposure decreases birth weight, while increasing the length of time to conceive, spontaneous abortions, perinatal mortality, and congenital defects (Andres and Day, 2000; Berthiller and Sasco, 2005; Higgins, 2002; Rogers, 2008; Shiverick and Salafia, 1999) . In addition, in vitro assays have consistently shown interaction of cigarette smoke with female reproductive organs (Mlynarcikova et al., 2005; Shiverick and Salafia, 1999; Talbot, 2008; Talbot and Riveles, 2005) . For example, both MS and SS cigarette smoke solutions significantly impaired oviductal functioning by decreasing ciliary beat frequency, oocyte pick-up by the oviduct, and muscle contraction rates, while increasing adhesion of the oocyte cumulus complex to the oviduct (Gieseke and Talbot, 2005; Riveles et al., 2003) . A similar delay in oocyte and embryo transport and muscle contraction was seen in vivo in a hamster model exposed to smoke (DiCarlantonio and Talbot, 1999) . Although these epidemiological studies and in vitro assays confirm that the female reproductive organs and fetuses are targets of cigarette smoke, relatively little is known about the effects of cigarette smoke on young embryos including preimplantation stages.
In an attempt to reduce the toxicity of cigarette smoke, tobacco companies have introduced various types of harm reduction products, including harm reduction cigarettes (Warner, 2005) . Harm reduction cigarettes, which are often claimed to have fewer toxins and to be less harmful than conventional brands, are made using complex filters (Marlboro Lights, Advance Lights) or by genetically altering tobacco plants to reduce nicotine concentration (Quest). In 2009, our laboratory developed assays based on mouse embryonic stem cells (mESCs) to compare the effects of MS and SS smoke from conventional (Marlboro Red) and harm reduction (Marlboro Lights, Advance Lights, and Quest) cigarettes on attachment, survival, proliferation, and apoptosis (Lin et al., 2009) . We found that SS smoke was generally more toxic to mESC in these assays than MS smoke. We also showed, unexpectedly, that SS smoke from harm reduction cigarettes was generally more inhibitory than smoke from the conventional brand.
To fully understand the effects of smoke on human embryonic development and to avoid possible species differences in response, it is necessary to perform toxicological assays using human models. Because it is clearly not possible to directly determine chemical toxicity on actual human embryos, we have developed assays with human embryonic stem cell (hESC), which model young embryos, to measure and compare the toxicity of MS and SS smoke from conventional and harm reduction products. Because hESC are more difficult to work with than mESC, we could not directly apply the methods used in our prior mouse study to hESC. We circumvented technical problems that hESC present by using BioStation technology to create time-lapse videos of cells during treatment in various in vitro assays (Lin et al., 2010) . By combining BioStation technology with video bioinformatics analysis (automated processing and data mining of biological spatiotemporal data), we were able to obtain quantitative data for attachment, colony growth, and survival end points. Our data show that (1) hESC can be used to measure toxicity of environmental chemicals such as tobacco smoke, (2) BioStation technology coupled with video bioinformatics analysis facilitates assays with hESC, (3) SS smoke was more potent than MS smoke in all assays, and (4) SS smoke from harm reduction cigarettes was generally more potent than smoke from a conventional brand.
MATERIALS AND METHODS
Chemicals, media, and reagents. Four commercial brands of cigarettes were purchased from retail dealers and used in this study. These included Marlboro Red (filter cigarettes, tar ¼ 15 mg, nicotine ¼ 1.1 mg) and Marlboro Lights (filter cigarettes, tar ¼ 10 mg, nicotine ¼ 0.8 mg) from Philip Morris, Inc. (Richmond, VA), Advance Premium Lights 100 s (filter cigarettes, tar ¼ 10 mg, nicotine ¼ 0.8 mg) from Brown and Williamson Tobacco (Louisville, KY), and Quest (filter cigarettes, tar ¼ 10 mg, nicotine ¼ 0.05 mg) from Vector Tobacco, Inc. (Mebane, NC). Marlboro Red cigarettes were chosen as they represent one of the top selling conventional brands, whereas the other brands are all harm reduction products. mTeSR basal medium and mTeSR supplement (Stem Cell Technologies, Vancouver, Canada) were used to maintain hESC cultures and for experimentation; 6-well, 12-well, and 24-well plates (Falcon, Fisher Scientific, Chino, CA) were coated with Matrigel (BD Biosciences, Fisher Scientific, Chino, CA) for at least 2-3 h at room temperature or overnight at 2°C-4°C. PBS was made using deionized water, autoclaved, and stored at 2°C-4°C. Accutase Enzyme Cell Detachment Medium was purchased from eBioscience (San Diego, CA) and stored at À20°C.
Trypan blue (Sigma-Aldrich, St Louis, MO) solutions were made by dissolving 0.4 g of trypan blue in 80 ml of PBS at a low boil, cooling to room temperature, and sterilizing using 0.2-lm filters (Acrodisc Syringe Filters, Pall Corporation, Ann Arbor, MI). For the detection of apoptotic activity, the Fluorescent-Labeled Inhibitor of Caspases (FLICA) Poly Caspases Kit and Magic Red Caspase Detection Kit for caspases 3 and 7 (Immunochemistry Technologies, LLC Bloomington, MN) were used. The FLICA and Magic Red powder were reconstituted in dimethyl sulfoxide (DMSO; ATCC, Manassas, VA), aliquoted (5 ll) in Eppendorf tubes, and frozen at À20°C as instructed in the manual.
Preparation of smoke solutions. Both MS and SS smoke solutions were prepared using an University of Kentucky smoking machine that was set up and operated as described previously (Lin et al., 2009; Knoll and Talbot, 1998) . Smoke solutions were made by drawing either MS or SS smoke through basal mTeSR medium without mTeSR supplement and stored at À80°C. For all experiments, different concentrations of smoke solutions were diluted in complete mTeSR medium and used immediately. One cigarette was used to achieve a concentration of 10 puffs of smoke dissolved in 5 ml of medium (10 puffs/cigarette, 2 puffs/1 ml of medium). Concentrations of smoke solution were measured in puff equivalents (PE) (1 PE ¼ the amount of smoke in one puff that dissolves in 1 ml of medium). Serial dilutions of smoke solution were made to achieve the PE concentrations used for testing, which were 0.0, 0.01, 0.1, and 1 PE. Smoke solutions were made with conventional (Marlboro Red) and harm reduction (Marlboro Lights, Advance Lights, and Quest) cigarettes.
Cell cultures. H9 hESC, purchased from WiCell Stem Cell Institute, were grown using feeder-free conditions. Cells were cultured and maintained on Matrigel-coated six-well tissue culture plates in complete mTeSR medium. All cell cultures were observed daily for cell density and pluripotency, and the medium was changed everyday. Once cultures reached 60-70% confluency, hESC were removed from the plates using glass beads and Accutase without dilution (1 min at 37°C). Once hESC began to detach, 10-12 sterile glass beads were placed into the well and rolled gently in all directions until colonies completely detached into small clumps. The cell suspension was then neutralized using mTeSR medium and centrifuged at 200 3 g. Colonies were resuspended into clumps of four to five cells for passaging and experimentation.
Morphological cytotoxicity assay and trypan blue staining. Colony morphology and trypan blue staining were used to evaluate the cytotoxicity of cigarette smoke on H9 hESC. Colonies of four to five cells were plated on Matrigel-coated 24-well plates with 500 ll of fresh medium for 48 h prior to smoke treatment. After attachment, hESC colonies were treated with different concentrations of MS or SS smoke (0.01, 0.1, and 1 PE), whereas a well of untreated colonies served as the control. Colony morphology was observed with a Nikon inverted light microscope at 6 and 24 h of treatment, and comparisons were made between control and treated groups. After 24 h, 50 ll of 0.4% trypan blue solution was added to each well, which contained 500 ll of medium. After 5 min of staining, images were collected from each well. Dark blue cells were interpreted to be dying because of increased permeability of the cell membrane.
Apoptosis detection using poly-caspases Detection FLICA Kit and Magic Red Caspases 3 & 7 Detection Kit. The FLICA Poly Caspases Kit and Magic Red Caspases 3 & 7 Detection Kit were used to identify apoptosis activity in control and smoke solution-treated hESC colonies. The FLICA probes contain an inhibitor sequence of caspases, called valine, alanine, aspartic acid (VAD), linked to a green or red fluorescent probe. VAD penetrates the plasma membrane and reacts with all caspases. Active caspases inside cells covalently bind to the FLICA probe and thus cells appear to be fluorescent. Excess FLICA probe not bound to active caspases is washed out of the cells. The Magic Red Caspase Detection Kit contained the MR-(DEVD) 2 reagent, which was reconstituted in DMSO, stored at À20°C, and protected from light. This kit contains a cell-permeant substrate (DEVD) that is linked to cresyl violet. DEVD is specifically targeted by active caspases 3 and 7, which cause cresyl violet to fluoresce red upon cleavage of DEVD. Reagents were thawed and diluted with fresh culture media prior to usage. In our experiments, hESC colonies were preattached for 48 h on Matrigel, then treated for 5 h with smoke solution, followed by 20-25 min of incubation in Magic Red. Colonies staining red were interpreted to have apoptotic enzymes (caspases 3 and 7) activated by treatment.
Use of the BioStation IM to compare the effect of smoke from conventional and harm reduction cigarettes on hESC colony attachment. The BioStation IM is a small incubation unit equipped with a microscope and camera that enables time-lapse video collection. This unit is extremely useful and efficient for studying dynamic cellular events such as cell attachment and spreading. For our experiments, adherent colonies were disassociated using Accutase and sterile glass beads. Colonies were broken up into clumps of three toxsci.oxfordjournals.org to five cells and replated onto Matrigel-coated 35-mm dishes containing SS smoke at 0.1 PE. All four brands of cigarettes were tested. The control contained mTeSR hESC culture medium without cigarette smoke. The dishes containing suspended cells were placed into the BioStation IM immediately, and images were taken at 1-to 2-min intervals over 180 min. Data were analyzed at 20-min intervals to determine which colonies were attached. Colonies were considered attached when clear spreading of the cells was observed. Videos were viewed with QuickTime, and the percentage of attached colonies was counted manually at each time point; 8-10 colonies were analyzed for each treatment and control group.
Use of BioStation CT technology to compare the effect of smoke from conventional and harm reduction cigarettes on hESC colony growth. The BioStation CT is a high-content incubation unit equipped with a microscope and camera. This innovative technology enables time-lapse video data to be collected while cells are growing in controlled incubation conditions. Videos can then be analyzed using CL-Quant software (DR Vision, Seattle, WA) to quantify dynamic cell processes (e.g., colony growth). To perform experiments in the BioStation CT, hESC colonies containing five to eight cells were plated on Matrigel-coated 12-well plates in mTeSR medium. After 48 h of incubation, colonies were completely attached and spread, and the density of each well was around 30-40%. To follow colonies over time, they must be evenly distributed in the well to prevent merging. In treatment groups, medium was replaced with 500 ll of mTeSR medium containing 0.1 PE of MS or SS cigarette smoke, whereas control wells received 500 ll of complete mTeSR medium without smoke solution. Once medium was added, the 12-well plates were placed in a Nikon BioStation CT incubator and multiple colonies in each group were imaged every 140 min. For each experimental and control group, 5-10 colonies of similar size were selected and followed for 48 h. After the experiments were completed, images of hESC colonies were downloaded from the BioStation CT, and the growth of colonies was analyzed using CL-Quant software.
Analysis of video data using video bioinformatics tools developed with CL-Quant software. The video bioinformatics tools that were used in this study have been described in detail previously (Lin et al., 2010) . All video bioinformatics processing was carried out using CL-Quant Software with a custom-developed algorithm including three subset routines (recipes): (1) an initial segmentation code which utilized a channel mask to separate the colony and background in each image, (2) an enhancement code that filtered out any remaining image noise (e.g., cellular debris or foreign particulates), and (3) a measurement code that quantified the number of pixels in each colony. Data obtained with the CL-Quant analysis were plotted and analyzed to determine growth rates and percent increase in size of colonies over 48 h. The accuracy of the CL-Quant recipes was verified by periodically checking the fit of masks and by rerunning data to assure reproducibility.
Statistics. Attachment data for each brand of cigarette were analyzed using a t-test in which means of the three time points showing maximum colony attachment (80, 100, and 120 min) for the control and treated groups were compared for significant differences. In the colony growth assay, the means of the percentage increase in colony size at the final sampling point were compared using ANOVA. When p < 0.05 in the ANOVA, a Dunnet's post hoc test was run in which each treatment group was compared with the control. Statistical analyses were run using InStat (GraphPad, San Diego, CA.). For both the t-test and the ANOVA, p 0.05 was considered significant.
RESULTS

Evaluation of Cytotoxicity of MS and SS Smoke from
Conventional and Harm Reduction Cigarettes MS and SS smoke solutions from conventional and harm reduction cigarettes were evaluated for their cytotoxic effects on hESC colony morphology (loss of cells from colonies, colony elevation, and granularity in colonies) after 6 h of treatment with doses of 0.01, 0.1, and 1 PE ( Fig. 1 and Table 1 ). Negative controls (ÀCN) were incubated in complete mTeSR medium (0.0 PE), whereas positive controls (þCN) were treated with 0.5% ethanol, which induces apoptosis. Colonies in the negative control group were spread, healthy, and cobblestone like (Fig. 1A) . In contrast, colonies treated with ethanol showed detachment of cells and cell debris (Fig. 1B, arrows) . MS smoke at 0.01 PE (data not shown) and 0.1 PE did not affect hESC colony morphology or survival (Figs. 1C-F) . However, 1 PE of both Marlboro Red and Advance Lights MS smoke caused some cells to detach from the plate after 6 h of treatment (Figs. 1G and 1I, black arrows). Although colonies did not detach in 1 PE of Marlboro Lights MS smoke, cells were elevated and granular, and colonies had irregular edges (Fig. 1H) , unlike the negative control. Quest MS smoke did not affect hESC colony morphology at 1 PE (Fig. 1J) .
Like MS smoke, SS smoke solutions at 0.01 PE (data not shown) and 0.1 PE did not affect hESC colony morphology after 6 h of treatment ( Fig. 1K-N) . However, at 1PE, SS smoke from all four brands caused loss of cells from colonies and in some cases complete rounding up of colonies (Figs. 1O-R) . SS smoke from Advance Lights was the most potent followed by Marlboro Red, Quest, and Marlboro Lights. Cells treated with Advance Lights SS smoke solutions completely detached from the plate and formed small round clumps (Fig. 1Q , black arrows). Colonies treated with Marlboro Red and Quest SS smoke solutions were partly detached (Figs. 1O and 1R , black arrows). Cells that remained attached were elevated and granular. With the morphological assay, cytotoxic effects were observed with both MS and SS smoke at 1 PE, but not at lower doses, and the effects were stronger with SS smoke than with MS smoke (Table 1) .
Cytotoxicity was further evaluated after 24 h of treatment with 0.01, 0.1, or 1 PE by staining colonies with trypan blue (Fig. 2 and Table 1) . Although a few control colonies had a small number of blue cells, most controls had little to no staining, indicating that cells were generally healthy and viable ( Fig. 2A including inset) . Colonies treated with MS smoke at doses of 0.01 PE (data not shown) and 0.1 PE (Figs. 2B-E) were generally similar to the controls. However, colonies treated with 1 PE of Marlboro Red or Advance Light MS smoke solutions appeared to have more blue cells than controls (Figs. 2F and 2H ). SS smoke solutions at 0.01 PE (data not shown) and 0.1 PE (Figs. 2J-M) generally produced results similar to the control. In contrast, 1 PE of SS smoke solution from all brands caused colonies to detach, round up, and stain heavily with trypan blue (Figs. 2N-Q) , indicating the cells had died during treatment. The relative cytotoxicity of MS and SS smoke at 1 PE based on the morphological and trypan blue data is summarized in Table 1 . For all brands except Quest, MS smoke was slightly cytotoxic at 1 PE (morphological assay), whereas SS smoke was far more cytotoxic in both assays with Advance harm reduction cigarettes being the most cytotoxic. The morphological and trypan blue data for MS and SS smoke further showed that 0.1 PE was not cytotoxic for any brand.
In the cytotoxicity assays, cells in the 1 PE-treated colonies often exhibited blebs on their surfaces, leading us to the hypothesis that smoke-induced cell death occurred by apoptosis. This hypothesis was tested by staining for apoptosis with the Magic Red-Caspases 3 & 7 Detection Kit. Control groups treated with Magic Red did not show fluorescence, indicating that the colonies were healthy and caspases 3 and 7 were not activated (Figs. 2R and 2S) . In contrast, all groups treated with 1 PE of MS smoke (data not shown) showed some fluorescence, whereas all groups treated with 1 PE of SS All subsequent experiments were done using 0.1 PE of MS or SS smoke solutions because this dose was shown in the above assays to be noncytotoxic.
Conventional and Harm Reduction SS Cigarette Smoke
Inhibited hESC Colony Attachment at a Noncytotoxic Dose (0.1 PE)
Our previous studies showed that cigarette smoke significantly inhibited attachment of mESC, and SS smoke was more inhibitory than MS smoke (Lin et al., 2009) . To determine if SS smoke affects attachment of hESC in a similar manner, time-lapse videos were taken of nonattached colonies using a Nikon BioStation IM, and the kinetics of attachment (percentage of attached colonies) were determined for each control and treated group. For all brands tested, SS smoke from both conventional and harm reduction cigarettes significantly inhibited colony attachment to Matrigel when compared with the untreated control (Figs. 3A-D) . Although control and treated colonies reached their maximum attachment by 2 h, the proportion of colonies that attached was significantly lower in all treatment groups (20-60%) than in the control (70-90%). The percentages of inhibition for each type of SS smoke are shown in Table 2 . As was observed in our earlier work with mESC (Lin et al., 2009) , the harm reduction brands were more inhibitory in this assay than Marlboro Red, the conventional brand. Table 2 further shows that the hESC were more sensitive to SS smoke exposure than the mESC.
MS and SS Smoke from Conventional and Harm Reduction
Cigarettes Inhibited hESC Colony Growth at a Noncytotoxic Dose (0.1 PE) To determine how conventional and harm reduction smoke solutions affect proliferation of hESC, colonies were attached to Matrigel-coated plates, allowed to spread for 48 h, then treated with control or smoke solution for an additional 48 h during which time video data were collected on colonies in each group using the BioStation CT. All videos were first analyzed to determine if colonies grew, shrunk, or died during incubation (Fig. 4A) . Although a few colonies died in most groups (Figs. 4B and 4C) , including the control, this percentage was very low in all groups, consistent with our prior data showing that 0.1 PE is a noncytotoxic dose. The percentage of colonies that underwent shrinkage during exposure was very low in the groups treated with MS smoke (Fig. 4B) . However, the percentage of shrinking colonies increased considerably in the SS-treated groups (Fig. 4C) , indicating that these colonies were able to survive at 0.1 PE but may have been losing some cells during the exposure interval. In the time-lapse videos, some cells underwent apoptosis in colonies treated with SS smoke (Supplementary fig. 1 ), which may have contributed to shrinkage. Apoptosis was further confirmed in SS smoke-treated colonies using the FLICA Poly Caspases Detection Kit (Fig. 5) .
Video data were next analyzed using a video bioinformatics method to determine how smoke treatment affected colony growth (Fig. 6 ). Kinetic analysis of colony growth using the video bioinformatics software showed that treatment of hESC colonies with 0.1 PE of MS smoke did not alter the rate of growth when compared with the untreated control (Fig. 6A) . Moreover, when analyzed by ANOVA, the mean percentage increase in colony size at the final frame was not significantly different among groups (p ¼ 0.79) (Fig. 6B) . In contrast, hESC colonies treated with SS smoke solutions had slower growth rates than the untreated control (Fig. 6C) . Quest and Advance, two of the harm reduction brands, produced the greatest inhibition in rate of growth of the four brands tested. When the mean percentage increase in colony size was compared for the final frame at 48 h, all four types of SS smoke solution significantly inhibited colony growth when compared with the untreated control (Fig. 6D) . Again, both the Advance and Quest brands were the most inhibitory by this criterion. When growth characteristics were compared with our earlier data with mESC (Table 3) , MS smoke was generally more inhibitory in the mouse system than in the human. However, Marlboro Red and Advance Lights SS smoke solutions were far more inhibitory in the hESC system than in the mouse (Table 3) .
DISCUSSION
Our study accomplished three goals: (1) to develop an hESC-based toxicological assay, (2) to compare the toxicity of smoke from harm reduction and conventional cigarettes using Note. ''À,'' attached, healthy, cobblestone-like colonies; ''þ,''elevated, granular morphology; ''þþ,'' elevated, granular morphology, and some detached cells from the colonies; ''þþþ,'' colonies detached completely. the hESC assay, and (3) to compare the response of human and mouse ESC to smoke from conventional and harm reduction cigarettes. Because embryos are generally more sensitive to chemicals than adults, the risk that environmental chemicals present to human health is best evaluated using prenatal stages of development when possible (Grandjean et al., 2007) . Although it is not feasible to directly study human prenatal stages experimentally, embryonic stem cells can be used to model pre-and postimplantation embryos. Although assays with mESC have been developed and validated (Genschow et al., 2004; Spielmann, 2005) , hESC have not been easy to adapt to toxicological testing. Although attachment and proliferation end points worked well when evaluating the effects of cigarette smoke on mESC (Lin et al., 2009) , these assays were difficult to directly adapt to the hESC model. New approaches for using hESC in toxicological testing are being explored (Adler et al., 2008) , and quantitative analysis of microscopic video data is a powerful technology for characterizing the effects of toxicants on dynamic cell processes (Cervinka et al., 2008) . We have introduced a method for evaluating chemical toxicity with hESC by collecting timelapse video data using BioStation technology and then mining quantitative information from the videos either manually (attachment assay) or with video bioinformatics tools (colony growth). Quantitative analysis of video data allows dynamic cellular processes to be explored in response to chemical exposure and opens the possibility of developing new powerful in vitro assays. The cellular assays introduced in this study are relatively rapid and inexpensive, help minimize animal usage, and provide data directly on a human model.
To determine how PE relate to doses inhaled by smokers, the concentration of nicotine was compared in smoke solutions and human smokers. Nicotine in tissues, fluids, and matrices can be 2.9 (breast milk) to 87 (saliva) times higher than in plasma (Benowitz et al., 2009; Dahlstrom et al., 1990) . Nicotine in plasma of active smokers ranges from 0.004 to 0.100 lg/ml (Russell et al., 1980; Dhar, 2004) . Based on nicotine concentration at the approximate midpoint in this range (0.05 lg/ml), tissue nicotine concentrations in active smokers can be estimated to be from 0.145 to 4.35 lg/ml. At 0.1 PE, the nicotine concentration in Marlboro Red MS smoke was 0.3-0.6 lg/ml, which is well within the estimated nicotine concentration in tissues of active smokers.
Nicotine concentration in the serum of passive smokers varies with the amount of exposure/day and ranges from 0.006 to 0.023 lg/ml (Dhar, 2004; Russell and Feyerabend, 1975) . Based on a 2.9-to 87-fold increase of nicotine in fluid/tissue versus plasma (Luck and Nau, 1984; Dahlstrom et al., 1990; Benowitz et al., 2009) , nicotine in tissues of passive smokers at the midpoint of To determine if the treatments had a significant effect, means of the control and treatment group data collected at 80, 100, and 120 min were compared by a t-test. The p values were all highly significant and are given on each graph. PE ¼ amount of smoke in one puff that dissolves in 1 ml of medium. the serum range (0.015 lg/ml) would be approximately 0.044 to 1.3 lg/ml. At 0.1 PE, nicotine concentration in SS smoke solutions made on our smoking machine was estimated from a previous study (Wong et al., 2004) to be 0.2 lg/ml, which is within the estimated tissue range of passive smokers. Because 0.1 PE was noncytotoxic and reasonably simulated doses to which active and passive smokers are exposed, we used this concentration in our attachment and colony growth assays. Attachment of cells to a substrate is essential in embryological development and prevents apoptosis of cultured hESC. Data, in general, support the conclusion that smoke and/or nicotine inhibits attachment of embryonic and differentiated cells to substrates. In our study, 0.1 PE of SS smoke from all brands inhibited attachment of hESC cells to Matrigel. Similar inhibition of hESC attachment occurred with 1.8-3.7lM of nicotine alone, and this inhibition was reversible by the nicotine antagonist tubocurarine, suggesting that action was through a nicotine receptor (Zdravkovic et al., 2008) . Nicotine caused similar inhibition of periodontal fibroblast attachment in culture (James et al., 1999) . However, other factors in smoke must also impair attachment because, in our study, Quest smoke solutions did not contain nicotine, yet significantly inhibited attachment. Of particular interest in our study was the finding that SS smoke from harm reduction brands was a more potent inhibitor of attachment than SS smoke from a conventional brand.
Attachment of differentiated cultured cells was also impaired by cigarette smoke. Bovine bronchial epithelial cells were inhibited from attaching to fibronectin by smoke condensate (Cantral et al., 1995) , and periodontal ligament fibroblast attachment to tooth roots was significantly decreased when cells and roots were isolated from smokers versus nonsmokers (Gamal and Bayomy, 2002) . Similar effects may occur in vivo during development as in utero exposure to smoke appears to increase the spacing between lung alveolar attachments in infants that died from sudden infant death syndrome (Elliot et al., 2003) .
Cell proliferation and growth are also essential events during prenatal development. The noncytotoxic dose (0.1 PE) of MS smoke did not significantly affect growth; however, 0.1 PE of SS smoke from all brands slowed colony growth rate and significantly inhibited the size of colonies at 48 h. The strongest effects in this assay were produced by SS smoke from Advance and Quest cigarettes, two harm reduction brands. The reason these harm reduction brands are more potent than Marlboro Reds in the proliferation and attachment assays could be related to the source of the tobacco in these products or the methods used to cure the tobacco.
Other studies also support the conclusion that growth is negatively impacted by cigarette smoke. Condensate from Quest low-nicotine and nicotine-free cigarettes inhibited human bronchial epithelial cell growth and was more potent than condensate from a research cigarette (Chen et al., 2008) . Because significant apoptosis was observed in the bronchial epithelium, doses of Quest smoke condensate may have been in the cytotoxic range. In the study by Chen et al., condensate from nicotine-free Quest-inhibited proliferation more strongly than condensate from nicotine-containing Quest, an effect that was partially reversed by adding nicotine to condensate from nicotine-free Quest. In contrast to the Quest data (Chen et al., 2008) , addition of nicotine alone to culture medium increased the percentage of hESC undergoing apoptosis (Zdravkovic et al., 2008) .
Few studies have investigated harm reduction smoke, in particular SS smoke, in cellular based assays. In one such study with explants of hamster oviducts, smoke from harm reduction cigarettes (Advance Lights and Omni Lights) significantly inhibited oocyte pick-up rate and smooth muscle contraction rate with SS smoke generally being more potent than MS smoke (Riveles et al., 2007) . In a study using light cigarettes, mouse lungs exhibited a decrease in tissue inhibitor of metalloprotease-2 and an increase in matrix metalloprotease-2 expression, suggesting an imbalance in extracellular matrix formation (Valenca et al., 2006) . These mice developed emphysema and increased levels of NFjB which increased inflammatory response in the lungs. When taken together with our studies on embryonic stem cells, work with cell and animal models supports the idea that harm reduction cigarette smoke impairs a spectrum of biological processes and that SS smoke from harm reduction brands is usually more toxic than MS smoke from the same cigarette or than SS smoke from conventional cigarettes.
Because animal models may not accurately predict toxicity for humans, we compared the effects of cigarette smoke on mESC from our previous study (Lin et al., 2009) to the results of this study and found that, in general, cells from both species responded similarly to cigarette smoke. However, the sensitivity of the two species appears to be different. Although SS smoke from both harm reduction (0.1 PE) and the conventional brand inhibited cell attachment, the negative impact was greater for hESC (60-76%) than mESC (30-42%). In the proliferation assay, mESC were more sensitive than hESC colonies to MS smoke. However, SS smoke had a greater negative impact on hESC colony growth (41-100%) than on mESC proliferation (39-84%). Although these data were collected at different times and therefore not compared statistically, they do demonstrate the desirability of using hESC for toxicological testing to obtain the best estimate of the risk posed directly to humans.
In conclusion, we have introduced a rapid hESC-based assay that provides quantitative data on dynamic cellular processes by combining time-lapse video data with video bioinformatics tools. In the future, this assay could easily be expanded to provide more end points and to evaluate other chemicals. Our assay was used to show that a noncytotoxic dose of SS smoke inhibited cell attachment to Matrigel and growth of hESC colonies. SS smoke was consistently more potent than MS smoke, and SS smoke from harm reduction brands was generally more potent than SS smoke from the conventional brand. These data demonstrate that reduction of carcinogens in harm reduction MS smoke does not necessarily reduce the toxicity of unfiltered SS smoke and that harm reduction products are not necessarily safer than their conventional counterparts. This information should be valuable to potential users of harm reduction cigarettes and should be taken into account when establishing policies regarding the sale, advertising, and use of harm reduction products.
SUPPLEMENTARY DATA
Supplementary data are available online at http://toxsci .oxfordjournals.org/. 
